Progress of Ferrous Nano-Metal Project is introduced in the present paper. In the project, maximum use of copper clusters and precipitates is pursued for achieving better strength-ductility balance than that of conventional high-tensile strength steels. Fundamental aspect of clustering and precipitation of Cu in Fe-Cu alloys was studied using Optical Tomographic Atom-Probe (OTAP). It was found that Cu precipitation during aging was enhanced by plastic deformation. The observed Cu precipitation behavior was well related to the age-hardening behavior, that is, aging started at lower temperature and maximum hardness was higher for plastically deformed and aged ferrite. Aging behavior and associated tensile properties were further examined for Fe-C-Mn-Cu martensitic steel. Higher value of tensile strength times elongation was achieved in Fe-C-Mn-Cu steel than Fe-C-Mn steel. Finally, effect of Cu precipitation on grain-refinement of ferrite was studied for Fe-C-Mn-Cu steel. Ferrite grain smaller than 1 mm was obtained in both processes of strain-assisted ferrite transformation from heavily deformed austenite and dynamic recrystallization of heavily deformed ferrite. Ferrite grain size was found to decrease by addition of Cu at the both processes. It was suggested that a simple additivity rule does not hold in terms of the strengthening by grain-refinement and that by precipitation, especially at grain-size range less than 1 mm.
Introduction
Precipitation of Cu in iron and steel is a well-known phenomenon and it might have a potential to achieve better strength-ductility balance than conventional high-strength steels because of a different nature of Cu precipitates from other precipitates like carbides and nitrides. On the other hand, strengthening by grain-refinement might be another attractive way of increasing strength.
Precipitation behavior of Cu in iron during aging was studied in the 1960's by Hornbogen et al. [1] [2] [3] and relation between the sequence of cluster, precipitation, coarsening and tensile property was discussed. In 1970' to 1990's, detailed behavior of Cu clustering and precipitation was studied using HR-TEM, FIM-Atom Probe and other instruments. [4] [5] [6] [7] [8] [9] Early stage of Cu cluster and subsequent stages of precipitation of BCC, transition to 9R and FCC were studied in detail. Influences of dislocation and third alloy element were also studied. Cu precipitation behavior and its relation to mechanical properties in ultra-low carbon steel were extensively studied. [10] [11] [12] On the other hand, grain refinement of ferrite has been sought by many studies. Yada et al. first proposed a concept of dynamic transformation of ferrite during deformation of austenite. 13) Fujioka et al. extended this concept to ultra-grain refinement down to 1 mm in the Ferrous Super-Metal Project. 14) In the same project, Adachi et al. found a new ultra-grain refinement process, in which ferrite of 1 mm was formed from super-cooled and heavily deformed austenite at bainite transformation temperature range of 800 K. 15 ) Similar process was developed by Torizuka et al. in the STX-21 project. 16 ) Grain-refinement using recrsytallization of martensite, bainite and ferrite were studied. [17] [18] [19] [20] Ulrta-fine ferrite of 1 mm was obtained by heavy warm deformation of ferrite. 14, 21) Mechanisms of ferrite recrystallization and grain-refinement was studied in detail. 22) Ferrite grainrefinement using dynamic recrystallization of austenite was also studied. 23) Reverse transformation and reversion of multiple transformation are also effective ways for grainrefinement. 24, 25) Martensite with prior austenite grain of smaller than 1 mm was obtained in Fe-C-Mn-Ni steel by heavy warm deformation followed by deformation heating and cooling process. 26) Concepts of ultra-grain refinement are summarized in Ref. 27) . From the above studies, it is understood that carbide and nitride particles play an important role in the grain-refinement process through controlling recrystallization and grain-growth processes. 14, 15, 27) It may be possible for Cu to precipitate more finely than carbides or nitrides, like Nb(C,N), and to bring about finer grain-sizes. At the same time, strengthening by Cu clusters and precipitates could be utilized.
Although, many studies have been conducted for understanding the behavior of clustering and precipitation of Cu in iron and steel and its relation to the mechanical properties, thorough understanding is necessary, especially aging phenomena of Cu added steel with dislocations which could be introduced either by plastic deformation or martensitic transformation. Furthermore, better mechanical properties by a combination of Cu precipitation hardening and grainrefinement might be expected. From these viewpoints, studies in the Ferrous Nano-Metal Project started in 2001. In the present paper, outline of the research results in the project is introduced.
Cu Age-hardening Behavior in Fe-Cu Ferrite and
Fe-C-Mn-Cu Martensite 2.1 Experimental procedures 2.1.1 Fe-Cu ferrite Effect of prestraining was studied using practically pure iron with Cu addition. Table 1 shows chemical composition of the tested steel. Vacuum melted ingot was heated at 1150 C and hot-rolled to 4 mm thickness. The sheets were then cold-rolled to 1 mm thickness, solution treated at 830 C for 10 min and water-cooled. The sheets were then aged at 300 to 650 C for 20 min. Some sheets were 10% tensile strained prior to the aging treatment.
Vickers hardness was measured with indentation load of 9.8N. Precipitation behavior was observed by Optical Tomographic Atom-Probe (OTAP). Dislocation density was estimated from X-ray diffraction half band width measurement.
Fe-C-Mn-Cu martensite
Vacuum melt ingots with Fe-C-Mn-(0 to 4 mass%)Cu were prepared. Table 2 shows chemical compositions. The ingots were heated to 1050 C, hot rolled and then air-cooled. The 3 mm thick steel sheets were then solution-treated at 950 C for 30 min and water-cooled. At this stage, full martensitic microstructure was obtained. The sheets were then aged at 200 to 550 C for 1 to 360 min. Hardness measurement and Cu precipitaion observation were made with the same way as 2.1.1.
Some of the as-quenched and tempered Cu free and 4 mass%Cu steels were subjected to tensile tests. Specimens were in accordance with JIS standard Z2001 13B. Figure 1 shows hardness changes of the aged 1.5 mass% Cu steel. For steel without prestrain, maximum hardness was obtained at aging temperature of 550 to 650 deg.C. It is interesting to note that hardness began to increase at aging temperature of as low as 300 C for the prestrained sample. The steel also showed slightly higher maximum hardness at peak age condition than the non-prestrained steel. It was also found that dislocation density of the prestrained sample remained high even after aging (4$7 Â 10 9 cm À2 , as compared with 9 Â 10 9 cm À2 for as-prestrained steel). Figure 2 shows a comparison of Cu atom distributions in the non-prestrained and prestrained 1.5 mass%Cu steel aged at 300 C for 20 min. While no Cu cluster or precipitates was observed in the non-prestrained steel, Cu clusters of 0.7 to 1.2 nm were observed in the prestrained steel. Distribution of Cu clusters in the steel aged at 500 C for 20 min did not differ considerably between the non-prestrained and strained steels. However, the clusters tended to distribute coarsely in the non-prestrained steel.
Results 2.2.1 Fe-Cu ferrite

Fe-C-Mn-Cu martensite
Figures 3(a) and (b) show the effect of aging temperature and time on hardness in Cu free and 4 mass%Cu steel, respectively. Figure 4 shows the effect of aging temperature and time on hardness difference between 4 mass%Cu steel Table 2 Chemical composition of Cu free and Cu added steels (mass%). and Cu free steel, where Á Hv is a hardness difference between the both steels under the same aging condition. Peak aging time was shorter at higher aging temperature. Figure 5 shows the effect of aging temperature and Cu content on maximum hardness difference between Cu added steel and Cu free steel, Á Hv-max. While Á Hv-max was almost constant at aging temperature of 450 C and higher, it decreased with decreasing aging temperature at aging temperature range lower than 400 C. Figure 6 shows distribution of Cu atoms in the 4 mass%Cu steel aged at 450 C for 20 min. Cluster size was 1 to 4 nm. While smaller clusters were spherical, larger ones were ellipsoidal. Besides, carbide particle was observed in the Cu free steel aged at 250 C for 60 min. Concentration of carbon in the carbide was approximately 20 at%. Therefore, it was presumed to be cementite. Figure 7 shows tensile strength (TS) -elongation (El) plots for the tempered martensitic steels. Lines of iso-TS (MPa) Â El (%) are also indicated in the figure. Higher value of TS Â El, 1.2 times that of the Cu free tempered martensite, was achieved for 4 mass%Cu steel with low aging temperature.
Discussions
The peak age of the Fe-1.5 mass%Cu steel was obtained at aging temperature of 500 to 550 C, which is consistent with the earlier study, e.g. 
dislocation introduced before aging was confirmed. The fact that hardness of the prestrained sample began to increase at aging temperature of 300 C corresponded to the result of the OTAP observations, that is, Cu clusters were found at this aging temperature, while no clusters were found in the nonprestrained sample. However, the hardness increase was only 20 Hv. This might be because the size and number density of the clusters were lower than those of the peak age condition. At peak age, clusters tended to grow homogeneously in the prestrained sample, while relatively large clusters tended to coarsen in the non-prestrained sample. Reason to the slightly higher hardness at peak age condition might be due to more homogeneous distribution of Cu clusters in the prestrained sample. Role of dislocation on Cu clustering and growth has not been well established. However, enhancement of Cu atom diffusion by the pipe diffusion mechanism might be a possible reason. It should be noted that transition of crystallographic structure of Cu cluster and its relation to the hardening behavior have not been clarified. Further studies are necessary.
Reason why carbides were not observed in the Cu added and aged sample might be because the sampling volume in the OTAP was too small to sample carbides, which might be much coarser than the Cu clusters. In any case, Cu clusters are presumed to play a major role in the strengthening by aging. This presumption might be supported by the fact that higher TS Â El value was obtained in Cu added steel than Cu free steel: Cu clusters might contribute to strengthening without deteriorating ductility because Cu clusters are softer than carbides.
Enhancement of Grain-refinement by Cu
3.1 Experimantal procedures 3.1.1 Grain-refinement of Fe-C-Mn-Cu steel by ferrite recrystallization Effect of Cu on grain-refinement through heavy deformation of ferrite and recrystallization 14, 21) was studied, using Thermecmaster-Z. Steels whose chemical compositions are shown in Table 3 were prepared by vacuum melting. Cylindrical samples of 8 mm diameter and 12 mm length were preliminarily heated to 1000 deg.C and helium gas quenched. The samples with initial microstructure of martensite were pre-aged at 600 C for 100 s to 3.6 ks and then directly heated to 700 C and compressively deformed, with true strain of 1.5 (reduction: 78%), followed by helium gas quenching.
Grain size was measured from SEM micrographs. Vickers hardness was measured with the standard method, see 2.1.1.
3.1.
2 Grain-refinement of Fe-C-Mn-Cu steel by ferrite strain-assisted low temperature transformation Effect of Cu on grain-refinement through heavy deformation of meta-stable austenite followed by austenite to ferrite transformation 15, 21) was studied, using Thermecmaster-Z. The steels were prepared by vacuum melting. Chemical compositions are shown in Table 4 . Samples of the same shape and size as 3.1.1 were heated to 1000 C and held for 300 s, cooled down to 570 or 750 C with cooling rate of 50 C/s, compressively deformed at this temperature with true strain of 1.2 (reduction: 70%), and then transformed by continuous cooling of 50 C/s. The samples were subsequently age-treated at 500 C for 10 min to 24 h. Other samples were continuously cooled from 1000 C with cooling rate of 1 C/s, followed by the same age-treatment. In this case, deformation was not applied.
Grain size and Vickers hardness were measured as 3.1.1. Figure 8 shows grain size dependency on pre-aging time and Cu content. Although, grain size was almost the same between 0.2 mass%Cu steel and 1.0 mass%Cu steel at aging time of 100 s, the 1.0 mass%Cu steel exhibited finer grain, 0.6 mm at longer aging time. This is compared with 0.2 mass%Cu steel, which exhibited almost constant grain size, irrespective of the aging time. Figure 9 shows hardness changes with pre-aging time and Cu content. While 0.2 mass%Cu steel showed low and almost constant hardness, 1.0 mass%Cu steel exhibited higher hardness and even showed peak aging phenomenon.
Results 3.2.1 Grain-refinement of Fe-C-Mn-Cu steel by ferrite recrystallization
3.2.
2 Grain-refinement of Fe-C-Mn-Cu steel by ferrite strain-assisted low temperature transformation Figure 10 shows effects of Cu content, deformation and aging conditions on hardness. Hardness was increased by applying deformation and by lowering deformation temper- Table 3 Chemical composition of Cu free and Cu added steels (mass%). Table 4 Chemical composition of Cu free and Cu added steels (mass%). ature. It was also found that hardness increased with increasing Cu content. Aging time at maximum hardness depended on Cu content but not on deformation temperature, suggesting no dependency on grain size. Precipitates of Cu with a size of 10 nm and less were identified by HR-TEM observations. It is noted that the grain size of 3 mass%Cu steel (70% deformed at 570 C) at maximum hardness, higher than 330 Hv, was 0.9 mm. This value was smaller than that of the Cu free steel with the same deformation condition, 2.0 mm, indicating beneficial effect of Cu for grain-refinement.
Discussions
It was confirmed that grain size of the pre-aged and heavily deformed ferrite of Cu added steel changed with pre-aging time. This result suggests that Cu precipitation took place during the aging along with recovery of the initial structure of martensite and the precipitates promoted grain-refinement during dynamic-continuous recovery of heavily deformed ferrite. It is noted that amount of Cu precipitation in equilibrium is estimated as 0.75 mass% at this aging temperature. This might support the above idea. Mechanism of the grain-refinement by Cu precipitation is not known. However, it might be presumed that deformation band formed by plastic deformation becomes finer due to precipitate-dislocation interaction and recrystallized grain becomes finer. It must further be noted that 1.0 mass%Cu steel had higher hardness than lower Cu added steels at aging time of 100 s, where grain size was almost the same between these steels. This fact might suggest that Cu precipitation had an effect on strengthening of heavily deformed and recrystallized ferrite.
Hardness of fine ferrite transformed from heavily deformed austenite by strain-assisted low temperature transformation, 15, 21) followed by aging treatment was higher with higher Cu content, lower deformation temperature in austenite. Peak age phenomenon was also confirmed. These results might indicate that hardness of the present samples was influenced by grain size and precipitation hardening, along with a change in the microstructure before aging, i.e. ferritepearlite for Cu free steel to ferrite-martensite for high Cu added steel. Figure 11 shows dependence of hardness on inverse square-root of ferrite grain size for 1.0 mass%Cu steel. The figure includes data from ultra fine-grained steels (1.5 mass%Cu) produced by mechanical milling. 28) Solid line is an extrapolation from grain-size dependence of commercial pure iron. This figure might suggest that a simple additivity rule for strengthening by grain-refinement, as represented by the Hall-Petch relation, and that by precipitation does not hold, especially at grain-size range less than 1 mm. Reason for the present result is not well understood. But, the locking parameter of the Hall-Petch relation might be decreased in the case of precipitation hardened ferrite, or strength might be determined by the stronger factor of the two. Further studied should be necessary regarding the strengthening mechanism of precipitation hardened ultra-fine grained steels.
Conclusions
(1) It was found from Optical Tomographic Atom-Probe analysis that Cu clustered and precipitated more finely in deformed ferrite than in simple ferrite. Earlier and higher age-hardening behavior was also found in the deformed samples. Distribution of Cu particles and hardening behavior was well related. Effect of Copper on Tensile Properties and Grain-Refinement of Steel and its Relation to Precipitation Behavior(2) Martensite-transformed and aged Cu added steel was found to exhibit better strength-ductility balance than conventional Cu free quenched and tempered martensitic steel. (3) It was found that Cu added C-Mn steel exhibited finer ferrite grain-sizes, less than 1 mm, than C-Mn steel both in the process of heavy deformation in austenite region followed by transformation and in that of heavy deformation in ferrite region followed by dynamic recrystallization. It was supposed that finely dispersed Cu precipitates promoted grain-refinement. (4) It was found that a simple additivity rule for strength did not apply when precipitation strengthening was superimposed to strengthening by grain refinement in the grain-size range less than 1 mm.
